Abstract: Effects of low pH (6.0,6.5) were studied at three temperatures (5, 15, 25°C) on the isometric force and stiffness of glycerinated muscle fibers dissected from soleus (type I) and psoas (type IIX) muscles of the Japanese white rabbit. It was observed that the maximum force and stiffness declined as pH decreased, the extent of which was diminished by an increase in temperature in both muscle types. The pH-induced changes in force were greater than those in the stiffness for both muscle types: at 5°C, the psoas showed greater change in stiffness than the soleus. As the pH of the contracting solution decreased, the time to peak stiffness decreased and the time to relaxation increased in both muscle types. At pH 6.0, the latter was significantly longer than the former. The force-stiffness curves indicated that, when pH decreased, force increased as fast as stiffness during contraction and force declined faster than stiffness during relaxation. The results suggested that one of the causes of muscle injury during hard muscular work could be the longer relaxation time in an acidic solution.
Introduction
Musculoskeletal disorders account for the majority of occupational diseases 1, 2) . The Japanese Ministry of Labor reported in 1999 that in cases of occupational sick leave for 4 days or more, over 50% involved musculoskeletal disorders 3) . Such disorders tend to happen after strenuous unaccustomed exercise or repetitive motion 4) . In muscle fatigue, the pH decreases as lactate and inorganic phosphate increase in the muscle, and muscle force declines. Data from human first dorsal interosseous muscle with 31P-MRS 5) indicated that pH decreased from about 7.0 to 6.0 after exhausted contraction. In order to understand the mechanism of muskuloskeletal injury, it is important to investigate the muscle force and stiffness of various muscle types in various pH conditions. In this study, we investigated the contractile characteristics of soleus (type I, slow) and psoas (type IIX, fast) 6) muscles of the Japanese white rabbit at low pH at three different temperatures.
Materials and Methods

Skeletal muscles
Female rabbits (Japanese White Rabbit), aged from 8 to 10 weeks, were sacrificed by rapid neck disarticulation. Fiber bundles (1-2 mm in diameter and 5-6 cm in length) were dissected from the psoas and soleus muscles, slightly stretched and tied to glass capillary tubes, left to stand for half an hour in a solution containing 154 mM NaCl, 5.6 mM KCl, 2.4 mM NaHCO 3 and 0.5% Triton X-100 at 4°C, and then stored in a solution of 50% glycerol, 50 mM KCl, 4 m M M g C l 2 , 4 m M K 2 E G TA , a n d 2 0 m M Tris(hydroxymethyl) aminomethane-maleic acid (pH 7.0) at -20°C for up to 14 days. On the day of the experiment, a glycerinated fiber was isolated from the bundle under the optical microscope with sharp-pointed tweezers in a solution of the same composition for storage at 0°C and mounted horizontally in the experimental chamber.
Fiber type composition
The myosin heavy chain (MHC) isoforms of some single fibres were analysed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) with a the separating solution containing 5% (w/v) polyacrylamide As shown in Fig. 1 , MHC compositions were type I and type IIX for soleus and psoas muscles respectively, indicating that fast and slow muscle types did not mingle.
Experimental apparatus
The experimental apparatus is shown schematically in Fig. 2 . Both ends of the single skinned fiber were glued to tungsten-steel rods with collodion diluted 1:1.5 in ethanol, one being connected to a force transducer (801, Akers, Horten, Norway) and the other connected to a light arm from a rapid motor (General Scanning Inc, Watertown, MA) to change muscle length. The force transducer (resonance frequency 10 ± 0.5 kHz) was connected mechanically to a three dimensional manipulator and electrically to a force bridge amplifier. The rapid motor was connected to a scanner controller (CX-660, General Scanning Inc, Watertown, MA) to which positional data were sent from a wave generator (Wave Factory 1945, NF Electronic Instruments).
The sarcomere length of the single skinned fiber under relaxed conditions was measured by laser diffractometry (He-Ne laser, 632.8 nm, 5 mW, NEC) and adjusted to 2.4 µm 7, 8) , as force and stiffness differed according to an overlap of the thick and thin filaments 9) . The signals from the force transducer and scanner controller were amplified by a DC amplifier (model 6L02, NEC) and stored at 10 kS/sec in a personal computer (PC1) through an AD-DA converter board (AT-MIO-16E-10, National Instruments), which digitized records with 12-bit resolution. Software (Labview 5.1, National Instruments) was used for data acquisition and experimental control. The data were stored for ten single fibers, each of which was measured at least three times.
Two troughs to which solution was added were constructed in an aluminum block to facilitate fiber handling and solution exchange. One trough was filled with relaxing solution and the other with contracting solution. The solution in which the muscle fiber was soaked was changed by shifting the aluminum block and suspending the muscle fiber in air for a brief time. During the experiments, the temperature of the aluminum block supporting the experimental solution was monitored with a thermometer and the block temperature drift was controlled within 0.3°C by passing coolant from a thermo-circulator (ZL-100, Taitec, Japan) through the block.
Solutions
The relaxing solution consisted of 125 mM KCl, 20 mM PIPES, 4 mM ATP, 4 mM MgCl 2 , and 4 mM EGTA. The contracting solution was obtained by adding 4 mM CaCl 2 to the relaxing solution. The pH of the relaxing and Muscle force was detected with a transducer, amplified, and stored in PC1. The muscle was pulled by a tungsten-steel pin attached to a scanner, the position of the pin being controlled by a signal from a wave generator. Sarcomere length was measured by laser diffraction.
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contracting solutions was adjusted to 6.0, 6.5 and 7.0 by adding HCl or KOH solutions. In this study, the amount of ATP in solution was so large that the percentage of hydrolyzed ATP was negligible.
Measurement of muscle stiffness
Muscle fiber stiffness was calculated from the recorded force data. Fiber stiffness was measured by the change in force that was caused by a fast, low-amplitude length change in the muscle fiber 10, 11) . A 500 Hz sinusoidal length oscillation whose amplitude was 0.1% the length of the muscle fiber was applied to one end of the fiber, during which force response was measured at the other end. Although the frequency in our study was lower than in other studies 11) , and could thus result in a lower absolute stiffness value, it did not present much of a problem because in our analysis we used relative stiffness. The stored data were analyzed by Fast Fourier Transform (FFT) spectral approaches. Fig. 3 is a typical example of a Fourier spectrogram for force of the psoas muscle around 500 Hz. Since the width of the peak was within 0.4 Hz, we set the width of the band pass filter to 1 Hz to extract 500 Hz components from muscle force data disturbed by the length change. The extracted components in the Fourier space were returned to real space by Inverse FFT (IFFT). The wave width of 500 Hz components in real space was divided by the width of the length oscillation to arrive at the muscle stiffness. Fig. 4 shows the time course of the isometric force and stiffness of a single glycerinated rabbit psoas fiber at pH 7.0, 15°C. Since the change in muscle temperature brought changes in the time course of stiffness, the room temperature was kept the same as the solution temperature.
Time to maximum stiffness and relaxation
As shown in the insert in Fig. 4 , time to maximum stiffness and relaxation was estimated by dividing maximum stiffness by increasing and decreasing the speed of stiffness at half maximum stiffness. The muscle fiber was first immersed in a Ca 2+ free relaxing solution, and then in a Ca 2+ contracting solution. Finally it was returned to the Ca 2+ free relaxing solution. Insert: Estimation of time to maximum stiffness (∆T1) and to relaxation (∆T2) on stiffness curve.
Force-stiffness curve
To analyze force-stiffness relationships during muscle relaxation and contraction, the relative stiffness was plotted against the relative force under each pH. As exemplified in Fig. 5 , the force-stiffness curve is convex; the Y intercept of the tangenital line, which is parallel to X=Y, to the curve was calculated to express the degree of curvature. The larger the Y intercept is, the more the curve is detached upward from the X=Y line, indicating an enlarging of difference of increasing or decreasing speed between relative force and stiffness. The curvature of force-stiffness curve of a psoas muscle fiber in relaxation process was larger than that in contraction process at pH 6.0 and 15°C.
Experimental schedule
When the effects of pH on muscle force and stiffness were examined, the temperatures of the contracting and relaxing solutions were fixed at 5, 15 or 25°C. Measurements were made for a single muscle fiber, soaked in relaxing and contracting solutions alternately at the same pH (Fig. 4) , and this cycle was repeated for different pHs, i.e. 6.0, 6.5, 7.0, 7.0, 6.5, 6.0, 6.0, 6.5 and 7.0, in that order. If the last maximum force at pH 6.0 was larger than 70% of the first pH 6.0, the data were used for analysis. The room temperature was kept at the same temperature as that of the solution so that muscle temperature did not change when changing the solution.
Statistics
Effects of pH, temperature and muscle type on relative force and stiffness were analyzed with SAS/STAT software ver. 6.11 (SAS Institute Inc.) run on an S-4/5 computer (Fujitsu).
Results
PH effects on the relative maximum force and stiffness of the soleus and psoas muscle for each temperatures are shown in Fig. 6 and Table1. There were three effects caused by pH changes. The first was that both maximum force and stiffness declined significantly in an acidic solution. For example, maximum force of psoas muscle decreased by 27.5% (pH 6.5) and 50.6% (pH 6.0) at 5°C and maximum stiffness decreased by 19.5% (pH 6.5) and 24.5% (pH 6.0) at 5°C. The second was that the pH dependent decline in force and stiffness was significantly depressed by raising the temperature, e.g. The forces of psoas muscle at pH 6.0 were 31.1% (25°C), 36.4% (15°C) and 50.6% (5°C) of that at pH 7.0, respectively. The third was that the reduction in muscle stiffness brought about by lowering the pH was less than that for muscle force.
The relative force was significantly smaller in psoas muscle than in soleus muscle at 25°C, 15°C and 5°C for pH 6.5. Similarly, relative stiffness was significantly less in the psoas muscle than in the soleus muscle at 5°C for pH 6.5 and 6.0.
Time to maximum stiffness and to relaxation of psoas and soleus muscle are shown in Table 2 for different pHs and temperature. As temperature decreased, both the time to maximum stiffness and to relaxation increased. As pH decreased, the time to maximum stiffness became longer and the time to relaxation became shorter. At pH 6.0, the time to maximum stiffness was significantly shorter than the time to relaxation in both fast and slow muscle fibers for all three temperatures.
Indices of the curvature of the force-stiffness curve (Fig.  7) of muscle fibers are shown in Fig. 8 . During contraction, the curve in the acidic solution was less convex than in the neutral solution, i.e. the increase in the force was as fast as for the stiffness. In contrast, during relaxation, the curve in the acidic solution was more convex than in the neutral solution, i.e. the stiffness decreased more slowly than the force.
Discussion
Reduction in maximum force due to low pH became smaller at higher temperature, the mechanism for which is unknown 12) . It was demonstrated by using X-ray diffraction that the actin-myosin complex of a single permeabilized muscle fiber was transformed from a nonstereo-specific to 9.11 ± 2.40 5.03 ± 1.22 3.39 ± 0.66 2.90 ± 0.63 6.50 ± 1.72* 11.27 ± 2.39* § § = p<0.05, when time to relaxation is significantly longer than time to maximum stiffness of the another kind of muscle. * = p<0.05, when time to relaxation is significantly longer than time to maximum stiffness of the same kind of muscle. a stereo-specific structure at high temperature 13) . This suggested that the actin-myosin binding was strengthened by high temperature, resulting in an increase in muscle tension.
In the present study the maximum force of fast muscle fibers decreased with a lower pH more than in slow muscle. Metzger and Moss 14) found, in a single skeletal muscle fiber experiment, that as the pH decreased from 7.0 to 6.5, the maximum force decreased to 0.80 and 0.75 of its value at pH 7.0 for slow and fast muscles, respectively. Potma et al. 15) observed also that force decreased more in fast muscle than in slow muscle as the pH decreased from 7.9 to 6.4. As slow muscle fiber contains a higher mitochondrial content 16) , amount of oxidative enzyme and blood vessel density, these finding suggest that slow muscles generate force even under the acidic conditions caused by strenuous exercise. Thus in a normal muscle which contains both fast and slow fibers, some stress between myofibrils could occur.
A cause of muscle damage suggested by the results of the present study was the shorter time to maximum stiffness during contraction and the longer time to relaxation under low pH conditions (Table 2 ). This suggests that the relaxing muscle which still contains force would be stretched forcibly if time to maximum force of its antagonist muscle is shorter than the time to relaxation of relaxing muscle. Time to maximum force could be considered to be close to time to maximum stiffness at low pH from the force-stiffness relationship (Fig. 8) . Conversely, when the relaxed muscle contracts, the other side muscle which had contracted could be stretched. Then in repetitive work, both antagonist muscles could be stretched alternately. This stretch could lead to sarcomere length instability, T-system disrupture, Ca 2+ , Na + or pH regulation failure in muscle cells, protease activation and cellular component degradation, causing Ca 2+ leakage and self-accelerating muscle damage 17, 18) (Fig. 9) . Damaged muscle cells release chemical substances such as bradykinin and histamines which cause pain. This could be one of the causes of low back pain which often occurs during heavy work.
At low pH, force increased as fast as stiffness during contraction but force decreased faster than stiffness during relaxation. This could be explained in term of an ATPase cycle scheme 19) . At first, myosin attaches actin (weaklybinding state). Then the two molecules bind strongly (strongly-binding state) exerting a contracting force. Finally, actin and myosin detach. There is a latency between the force exerting state and the detachment, when force is not generated, but the muscle fiber produces stiffness during this latency, i.e. stiffness comes from the attachment of myosin to actin and disappears when they detach. It could therefore be supposed that at low pH the transition from the weakly-binding state to the strongly-binding state progresses rapidly since the force increases as fast as the stiffness. Also, at lower pH, the latency between the force-exerting and actinmyosin detachment becomes longer, since force decreases faster than stiffness. These assumptions could explain the observation that the time to maximum stiffness is shorter and the time to relaxation is longer at low pH. Furthermore, they could explain why stiffness does not decrease as much as force at low pH or temperature, because it could be assumed that there are many actin and myosin attachments which produce muscle force without force generation during longer latency.
Low pH affects not only the interaction of actin and myosin but also other chemical interactions. It was reported that pH reduction affects control proteins on the actin filament by lowering Ca 2+ sensitivity 20) . sensitivity by lowering pH might lead to a longer contraction time or a reduction in force. In this study, rabbit skeletal muscle was used in place of human muscle for the following reasons: (1) Concerning actin, the amino acid arrangement is saved in the process of heredity, e.g. mammalian, amoebae and yeast actins have more than 87% homology with each other 21) . (2) In myosin heavy chain, it is reported that the degree of homology of cording regions between the same isoforms in different species is often greater than that between different isoforms in the same species 22) . (3) As with maximum shortening velocity and ATPase activity, there is not so much difference between rabbit muscle and human muscle 23) . (4) Moreover, as rabbit skeletal muscle has been used in physiological experiment for a long time, it is very convenient to use it as experimental material.
In the present study, temperature was rather low compared with that of the human body. As in a cold environment, the temperature of the end of a digit could be about 20°C at most 24) , our experimental conditions were necessary to clearly study the low temperature effect on muscle. Another reason is that glycerinated muscle fiber is susceptible to high temperature. i.e. experiments with it are impossible at 30°C or above.
The results of the present study suggest some causes of muscle damage at low pH and temperature: longer time to relaxation, shorter time to maximum stiffness, different decrease ratios of fast and slow muscle. Although the glycerinated muscle fibers used in this experiment were useful to change the environment of contraction proteins since the solutions easily penetrated to the binding between actin and myosin, these fibers would deteriorate with repetitive contraction. Studies are necessary with intact muscle fiber which would be stronger, more stable and closer to muscles in vivo than glycerinated muscle fiber.
